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a b s t r a c t
Sandstone building stones are important in the building elements of Portuguese monu-
ments, particularly in the western and southern regions. Alveolization due to salt crystal-
lization was the most important degradation pattern found in the old sandstone façades of
buildings in the village of Atouguia da Baleia. Because weathering progressively increases
porosity in stones, experimental research was conducted on the most porous variety of
sandstone, which is similar to the type of stones found in the façades of ancient buildings
in that village. An automatic salt crystallization accelerated ageing chamber was devel-
oped. Monotonic and cyclic uniaxial compressive tests were carried out on samples after
sodium chloride crystallization ageing tests had been performed, in order to assess the
compressive mechanical behavior of sandstone during accelerated ageing. The results of
stress–strain compression diagrams showed a clear decreasing trend in the values of
mechanical parameters during the salt crystallization ageing progress. The difference in
compressive strength values between monotonic and cyclic compression also decreases
with as salt crystallization ageing progresses. A predictive equation that correlates the
compressive strength of sandstones with salt crystallization ageing cycles is proposed.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Stone degradation patterns in monuments and ancient buildings have been indentified and described in several publica-
tions: NORMAL-1/88 [1], Ordaz and Esbert [2], Henriques et al. [3], Fitzner and Heinrichs [4], ICOMOS-ICS [5].
Stone deterioration patterns are included in five families and they are widely shown in the latter’s illustrated glossary [5].
Crack and deformation, detachment and features induced by material loss, are the three families highlighted in this study.
This is because of their intrusive character and their greater influence on structural elements. In terms of structural analysis,
fracture and strain damage, and material loss of cross sections of structural elements generally affect the stability more than
the other two patterns (discoloration and deposits, and biological colonization). But some discoloration and deposits fea-
tures, such as black crusts, are very sensitive to dissolution and the direct washing out of sulphate layers by rain. Sulphate
layer thickness varies from a few micrometers to almost a centimeter. As a consequence, stone loss occurs in structural cross
sections and this migrates inwards from the surface as time goes by. Since the 1970s environmentally-friendly policies have
led to lower emissions of SOx gases and carbonaceous fly-ash into the atmosphere and the importance of the sulphation
mechanism in stone surfaces has therefore decreased. If the destructive mechanical effect of the roots of higher plants
1350-6307/$ - see front matter  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.engfailanal.2012.08.001
⇑ Corresponding author. Address: Barreiro School of Technology, Rua Américo da Silva Marinho, 2839-001 Lavradio, Portugal. Tel.: +351 212064660; fax:
+351 212075002.
E-mail addresses: ludovicomarques@gmail.com, marco.marques@estbarreiro.ips.pt (M. Ludovico-Marques).
Engineering Failure Analysis 26 (2012) 247–257
Contents lists available at SciVerse ScienceDirect
Engineering Failure Analysis
journal homepage: www.elsevier .com/locate /engfai lanal
